Context. Empirical stellar spectral libraries have applications in both extragalactic and stellar studies, and they have an advantage over theoretical libraries because they naturally include all relevant chemical species and physical processes. During recent years we see a stream of new high quality sets of spectra, but increasing the spectral resolution and widening the wavelength coverage means resorting to multi-order echelle spectrographs. Assembling the spectra from many pieces results in lower fidelity of their shapes. Aims. We aim to offer the community a library of high signal-to-noise spectra with reliable continuum shapes. Furthermore, the using an integral field unit (IFU) alleviates the issue of slit losses. Methods. Our library was build with the MUSE (Multi-Unit Spectroscopic Explorer) IFU instrument. We obtained spectra over nearly the entire visual band (λ∼4800-9300 Å). Results. We assembled a library of 35 high-quality MUSE spectra for a subset of the stars from the X-shooter Spectral Library. We verified the continuum shape of these spectra with synthetic broad band colors derived from the spectra. We also report some spectral indices from the Lick system, derived from the new observations. Conclusions. We offer a high-fidelity set of stellar spectra that covers the Hertzsprung-Russell diagram. It can be useful for both extragalactic and stellar work and demonstrates that the IFUs are excellent tools for building reliable spectral libraries.
Introduction
Empirical stellar spectral libraries are one of the most universal tools in modern astronomy. They have applications in both extragalactic and in stellar studies. The former include the modelling of unresolved stellar populations (e.g. Röck et al. 2016) , matching and removing continua to reveal weak emission lines (e.g. Engelbracht et al. 1998) , usage as templates to measure the stellar line-of-sight velocity dispersions in galaxies (Sargent et al. 1977; Krajnović et al. 2015; Johnston et al. 2018; Martinsson et al. 2018; Nedelchev et al. 2019 ). The stellar applications include measuring stellar parameters such as effective temperatures (e.g. Beamín et al. 2015) and surface gravities (e.g. Terrien et al. 2015) by template matching or indices, measuring radial velocities (e.g. Swan et al. 2016) , and verifying theoretical stellar models which sometime are not as good as one may expect. For example, Sansom et al. (2013) found discrepancies in the Balmer lines, suggesting that the theoretical spectral libraries may not be as reliable source of stellar spectra as the empirical ones. The lists of applications given here are by far incomplete.
We can add a number of open issues related to the libraries: the need to derive homogenious and self-consistent stellar parameters of the library stars -right now the stellar parameters are typically assembled from multiple sources. This requires a two step process: first, derive global solutions of stellar parameters T eff /[Fe/H]/log g versus spectral indices, and then to invert Send offprint requests to: V. Ivanov, e-mail: vivanov@eso.org these relations and to derive new uniform set of stellar parameters for all stars (Sharma et al. 2016; Arentsen et al. 2019, e.g.) .
Another issue is to define optimal indices, most sensitive to one or another stellar parameter (e.g. Cesetti et al. 2013) . A particular problem related to galaxy models is the contribution of the AGB stars (e.g. Maraston 2005 ).
The most widely used theoretical libraries today are the BaSeL (Kurucz 1992; Lejeune et al. 1997 Lejeune et al. , 1998 Westera et al. 2002) and the PHOENIX (Hauschildt et al. 1999; Allard et al. 2012; Husser et al. 2013 ), but there have been problems with the treatment of molecules, as shown early on by Castelli et al. (1997) , that occasionally lead to poorly predicted broad band colors. Among the empirical libraries the work of Pickles (1998) was the most widely used. It includes 131 flux calibrated stars, but for the vast majority of them the resolving power was below R=1000, which is relatively low even for extragalactic applications where the intrinsic velocity dispersion of galaxies require R∼2000 or higher. Other sets of spectra with better quality have become available: ELODIE (Soubiran et al. 1998; Prugniel & Soubiran 2001; Le Borgne et al. 2004) , STELIB (Le Borgne et al. 2003) , Indo-US (Valdes et al. 2004) , MILES (Sánchez-Blázquez et al. 2006) , and CaT (Cenarro et al. 2001 (Cenarro et al. , 2007 . More recently, single order library with a large number of stars was reported by Yan et al. (2018) , but it has been obtained with a 3 arcsec fibers of the SDSS spectrograph (Blanton et al. 2017 ) and therefore does not avoid completely the slit loss problem. Maraston & Strömbäck (2011) incorporated some of the li-braries listed here in a comprehensive stellar population model at high spectral resolution.
The X-shooter Spectral Library (XSL; Chen et al. 2014 ) is the latest and most comprehensive effort in this direction. At this time only the optical spectra are available. At this time only the Data Release 1 was available. It contains 237 stars and when completed it will cover 0.3-2.5 µm range at a resolving power of R∼7000-11000. The XSL is a good example of the problems that increasing resolution and multi-order cross-dispersed spectrographs bring in: the synthetic broad band optical (U BV) colors agree poorly with the observed colors from the Bright Star Catalog (on average at ∼7 % level, see Table 5 and Fig. 26 in Chen et al. 2014 ). The differences are partially related to pulsating variable stars having been observed in different phases. Slit losses are another issue; for many stars that is caused by the lack or the poor quality wide slit observations. Despite these problems, the narrow features in the XSL spectra are self-consistent, e.g. observations in different orders agree well (see Fig. 8 in Chen et al. 2014) , and there is a good agreement between features and theoretical models and other empirical libraries (for a comparison with the UVES-POP see Figs. 31-34 in Chen et al. 2014) .
In other words, we are facing again a familiar problem: the old theoretical libraries used to predict colors inconsistent with the observations; nowdays, the newest empirical libraries do the same, despite -or because -of the excellent quality of the new data, that made it more apparent. To address this issue we embarked on a project to build a slitloss-less empirical spectral library with the MUSE (Multi-Unit Spectroscopic Explorer; Bacon et al. 2010 ) integral field unit, spanning all major sequences on the Hertzsprung-Russell diagram, with the specific goal of adjusting and verifying the shapes of the spectra in other libraries, both theoretical and empirical. The final product are spectra, suitable for galactic modeling, stellar classification, and other applications. Here we report the first subset of 35 MUSE stellar spectra.
The next two sections describe the sample and the data, respectively. Section 4 presents the analysis of our spectra and Sec. 5 summarizes this work.
Sample
Our initial sample numbered 33 targets selected among the XSL stars 1 . We aimed to populate the Hertzsprung-Russell diagram as homogeneously as possible with ∼3-6 bright stars per spectral type, ensuring a high signal-to-noise S/N>70-200 per spectral type, except for the O-type where only a single star was available.
Spectra of two additional stars were obtained: HD 193256 and HD 193281B. They serendipitously fell inside the field of view during the observations of the project target HD 193281A. An IFU campaign covering the entire XSL is planned, but we made sure to select stars over various spectral types, making this trimmed-down library adequate for some applications, such as stellar classification and templates fitting of galaxy spectra.
The SIMBAD spectral types as listed in Chen et al. (2014) , and complemented for the two extra targets, together with effective temperatures T eff , surface gravities log g and metalicities [Fe/H] collected from the literature, if available, are listed in Table 1 and shown in Fig. 1 2 . The covered range of T eff is 2600-1 http://xsl.u-strasbg.fr/ 2 Stellar parameters from XSL also became available after the submission of this paper: Arentsen et al. (2019) 33000 K, of log g: 0.6-4.5 and of [Fe/H] : from −1.22 to 0.55, as far as the stellar parameters as known. In case multiple literature sources with equal quality were available for a certain parameter, we adopted the average value and if a given source had significantly smaller errors than the others, we adopted the value from that source. 
Observations and Data Reduction
The spectra were obtained with MUSE at the European Souther Observatory (ESO) Very Large Telescope, Unit Telescope 4, on Cerro Paranal, Chile. Table A.1 gives the observing log. We obtained six exposures for each target, except for HD 204155 which was observed 12 times. To maximize the data yield most of the data were obtained under non-photometric conditions, so the absolute flux calibration is uncertain, but the "true" intrinsic shape is preserved, because there is no "stitching" of multiple orders and no variable slit losses due to atmospheric refraction. We placed the science targets at the same spaxels as the spectrophotometric standards, to minimize the instrument systematics that might arise from residual spaxel-to-spaxel variations.
The data reduction was performed with the ESO MUSE pipeline (ver. 2.6) within the ESO Reflex 3 environment (Freudling et al. 2013) . The 1-dimensional spectra were extracted within a circular aperture with a radius of 6 arcsec. This number was selected after some experiments with apertures of Table 1 : Physical parameters of the program stars. The columns contain: (1) object ID (asterisks mark non-XSL objects); (2) SIMBAD spectral type; (3-4) radial velocity and reference; (4-8) effective temperature, surface gravity, iron abundance and reference. Our estimated spectral type and effective temperature for HD 193281B are also listed. difference sizes, to guarantee that "aperture" losses will lead to a change in the overall slope of the spectra <1 % from the blue to the red end. The sky emission was estimated within an annulus of an inner radius 7 arcsec and a width of 4 arcsec. This step of the analysis was performed with an IRAF 4 /PyRAF tool (Tody 1986 (Tody , 1993 Science Software Branch at STScI 2012) .
Three stars were treated differently. For [B86] 133 we reduced the extraction aperture radius to 4 arcsec (keeping the sky annulus the same as for the majority of the targets) to avoid con-tamination from nearby sources -because the object is located in a crowded Milky Way bulge field. HD 193256 is close to the edge of the MUSE field of view, and the extraction apertures had to be smaller, with a radius 4.6 arcsec, the sky annulus had an inner radius of 4.6 arcsec and a width of 2 arcsec. HD 193281 is a binary with ∼3.8 arcsec separation and the components crosscontaminate each other. To separate the two spectra we first extracted a combined spectrum of the two stars together with the same aperture and annulus as for the bulk of the stars. Next, we rotated each plane of the data cube by 180
• around the centre of the primary and subtracted the rotated plane from the original non-rotated plane, to remove the contribution of the primary at the location of the secondary. Then, we extracted the spectrum of the secondary with an aperture with a radius of 1.2 arcsec and a sky annulus with an inner radius of 1.8 arcsec and a width of 4 arcsec. Finally, we decontaminated the spectrum of the primary by subtracting the spectrum of the secondary from the combined spectrum of the binary.
Experiments with apertures of different sizes indicated that the continuum shape of [B86] 133 still changed at <1% level across the entire wavelength range, despite the narrower extraction aperture. The spectra of the two other objects are less reliable and in the case of HD 193281B a change in the radius of a few spaxels (0.2 arcsec) leads to a flux change of ∼3 % over the entire wavelength range. However, the spectrum of HD 193281A is still stable at <1 % because the secondary contributes ∼1 and ∼11 % to the total flux at the blue and at the red ends of the spectrum, respectively, so this ∼3 % uncertainty is reduced by a factors of ∼100 and ∼9, respectively, and the spectrum of HD 193281A can be considered reliable by to our criterion for <1% stability across the entire spectral range.
The telluric features were removed by running molecfit ver. 1.5.7 Kausch et al. 2015) separately on each of the six (12 for HD 204155) target spectra themselves. The agreement of individual solutions is excellent: typically the fits yield a precipitable water estimate identical to within <0.1 mm.
The final spectrum for each target is the average of the 1-D spectra derived from the six individual observations, and the error is the r.m.s. of that averaging. A example of the data products is plotted in Fig. 2 . The complete sample is shown in Fig. A.1 . All final spectra are given in Table A .2 and are available in machine readable form at the journal's website.
Analysis
A direct comparison of the MUSE and XSL spectra for eight randomly selected stars across the spectral type sequence is shown with some zoomed-in spectral regions in Fig. 3 (for the rest of out spectra see Figs. 2 and A.1) . Notably, the XSL spectra used the continuum shape from a 5 arcsec wide-slit observaitons. In most cases the agreement on a scale of a few hundred pixelsin other words, within the same X-shooter order-is excellent. However, on wider scale we find deviations between the XSL and MUSE spectra, as can be seen in Fig. 4 . The exceptions are usually late type stars -[B86] 133 and IRAS 15060+0947 are examples -where the low signal-to-noise in the blue (∼10 or bellow) and the variability that only occurs with extremely red stars may account for the problem. Furthermore, the ratios of many spectra show gradual change, despite of their apparently high signal-to-noise: HD 147550 and HD 167278 are examples where the amplitude of the ratio within the MUSE wavelength range reaches 10-15 %. We fitted to the ratios second order polynomials and extrapolated them over the full wavelength range covered by the XSL library to demonstrate that if these trends hold, the overall peak-to-peak flux differences can easily rich ∼20 %, so the overall continuum of the cross-dispersed spectra is somewhat ill-defined. The coefficients of the polynomial fits are listed in Table B .1. and can be used to correct the shape of the XSL spectra. We are far from critisizing Chen et al. (2014) for the quality of their data reduction, rather we point here that the high signal-to-noise observations show how difficult it is to process cross-dispersed spectra. Indeed, problems that may not be obvious with poor quality data become apparent for signalto-noise if 100-200.
The question remains, however, if the MUSE spectra have a more reliable shape than the XSL spectra, because strictly speaking so far we have only demonstrated the good internal agreement between the six (or 12) individual MUSE observations. To provide and external check we followed Chen et al. (2014) , and calculated synthetic SDSS colors from both ours and the XSL spectra (Fig. 5 ) using the pyphot tool 5 . The XSL spectra were median smoothed to remove outliers, e.g. due to poorly removed cosmic ray hits. The MUSE sequences are slightly tighter than the XSL ones, confirming that the MUSE spectra have more reliable shapes. This is expected, because of the slit losses and the imperfect order stitching of the XSL spectra. Furthermore, Xshooter has three arms -in effect, three different instruments, and some of the of the colors mix fluxes from different arms, which may contribute to the larger scatter. A better spectral shape verification will be possible in the future with the Gaia low-resolution spectra.
The Lick indices (Worthey et al. 1994 ) that fall within the wavelength range covered by MUSE were measured in the new spectra (Table C.1). This included: Fe5015, Fe5270, Fe5335, Fe5406, Fe5709, Fe5782, Hβ, Mg 1 , Mg 2 , Mg b, Na D, TiO 1 and TiO 2 . As designed by our target selection, the measured values occupy the same locus as the Lick library (Fig. 6) .
In the course of the analysis we noticed that the Lick indices of HD 193281B correspond to a latter type than the F5:V: reported in Simbad. We derived a new spectral type of K2III using as templates our spectra of HD 170820 and HD 099998 and we adopted for this star the average of their effective temperatures, T eff =4354 K with a tentative uncertainty of 57 K -the larger of the uncertainties of the T eff for these two stars.
The metal features of HD 179821 are stronger than for other stars with similar temperature, but this is probably due to the supersolar abundance of this star (Soubiran et al. 2016) . Some Lick indices of late-M and C/S stars also deviate from the locus, but the spectra of these stars are dominated by broad molecular features, making the atomic indices such as Fe, Mg and H, meaningless.
Summary and Conclusions
We present high signal-to-noise (S/N>70-200) MUSE spectra of 35 stars across the spectral type sequence. The comparison with higher resolution existing data and spectral index measurements show reasonably good agreement, except for differences in the continuum shape that point at the real difficulties obtaining highresolution spectra with wide spectral coverage: the instruments that deliver such kind of data spread the light over many orders and their combination is not trivial. Importantly, the integral field unit that we use does not suffer from slit losses.
The sample of spectra presented here is relatively limited in terms of number of stars, and to make this library more useful we need to populate more densely the parametric space. In particular, the metallicity range needs to be expanded. Our data suffer from the high blue wavelength limit of MUSE, missing some important CN, Ca and Fe spectral features in the 4100-4800 Å range. This is a hardware limitation that can only be addressed with other/future instruments. Further accurate broad band photometry is needed to extent the external verification of the continuum shape -so far Gaia, SDSS and other photometric surveys provide measurements only for about a quarter of our sample stars -mostly because our program stars are too bright. The upper sub-panels show the spectra extracted from each individual exposure (shifted up for clarity) and the average spectra of the object at its true flux level. The bottom sub-panels show the standard deviation of the average spectrum. The spectra of the other sample stars are presented in the electronic edition only (Fig. A.1) .
Expanding the MUSE library towards fainter stars will increase this fraction and make such a test statistically significant. Despite these issues, our MUSE spectral library can be a useful tool for both stellar and galaxy research. This project started as a simple effort to complement the SXL DR1 library, but our spectra can be applied for various MUSE-based research -they have an extra advantage of being obtained with the same instrument so the data format is the same, and any low-level instrumental signatures that might have remained in the data could cancel out. We plan to expand the number of library stars in the future. Fig. 4 : Ratios of the XSL spectra to our MUSE spectra (blue; covers only the MUSE wavelength range), normalized to unity and median smoothed for display purposes with a 5-element wide median filter. Two ratios are show for HD 101712 -for the two XSL spectra of this star. A second order polynomial fits spanning the wavelength of XSL is also shown in blue. The labels on the top of each panel contain the name of the object, the normalization factor that indicates the flux ratio of the independently flux-calibrated MUSE and XSL spectra, and a standard deviation of the fits residuals. The coefficients of polynomial fits are listed in Table B .1. Lenz et al. (1998) are also shown. The extreme red outliers are IRAS 15060+0947 (V* FV Boo) -a known Mira variable. There are two points for this object on the right panel -they correspond to the XSL and the MUSE spectra. ... HD 057060 4749.690 6.2487e-11 9.8514e-13 4750.940 6.6745e-11 9.7720e-13 4752.190 6.7090e-11 8.6972e-13 4753.440 6.6901e-11 9.2688e-13 4754.690 6.7012e-11 9.6207e-13 ... The upper sub-panels show the spectra extracted from each individual exposure (shifted up for clarity) and the average spectra of the object at its true flux level. The XSL spectra, when available, are plotted with red underneath the averaged MUSE spectrum. The bottom sub-panels show the standard deviation of the average spectrum. The spectra of the other stars are presented in the electronic edition only. Table B .1: Coefficients and their errors of second order polynomial fits to the ratios of the XSL spectra to our MUSE spectra: Ratio = a 0 + a 1 × λ + a 2 × λ
